In this study, we investigated the regioselective binding mode of steroid molecules and structure requirements for steroid molecluse for 16α-hydroxylation by Cytochrome P450-2C11. Docking study by using the homology Cytochrome P450-2C11 indicated that 16α-hydroxylation is favored with steroidal molecules possessing the following components, 1) a bent A-B ring configuration (5β-reduced), 2) C-3α-hydroxyl group, 3) C-17β-acetyl group, and 4) methyl group at both the C-18 and C-19. These respective steroid components requirements such as A-B ring configuration and functional groups at C-3 and C-17 were defined as the inhibitory contribution factor. Overall results by rat CYP2C11 revealed that steroidal structure requirements resulted in causing an effective inhibition of [³H]progesterone 16α-hydroxylation by the adult male rat liver microsome. As far as docking of homology modeled CYP2C11 against investigated steroids is concerned, they are docked at the active site superimposed with flurbiprofen.
INTRODUCTION
Cytochrome P450 (P450) constitutes a large superfamily of heme-containing enzymes capable of oxidizing a variety of substrates, both of endogenous (such as steroids) and exogenous (xenobiotics) origins. Although a variety of P450s are able to metabolize a broad range of substrates, the enzymes often exhibit strict regio-and stereo-selectivity towards pertinent compounds, such as various steroids 1 . One of the most active and versatile P450 is rat CYP2C11, a microsomal P450 subform catalyzing more than 90% of steroid 16α-hydroxylations [2] [3] [4] . It is well known that several 3-keto-4-ene steroids such as progesterone and testosterone are metabolized in a gender-specific and a predominant manners by the adult rat liver microsomes. In the male, these steroids are primarily metabolized into two oxidized (16α-hydroxyl and 6β -hydroxyl) products mainly by the respective, male-specific cytochrome P450 subforms, CYP2C11 and CYP3A2, while they are primarily metabolized into the 5α-reduced products by female predominant 5α-reductase 5 . Most of P450 structures reveal that the heme group is buried deep within the protein matrix, indicating that residues outside of the active site may also be required to guide the substrate into the heme pocket by recognizing substrates at the protein surface and/or comprising part of a substrate access channel 6 .
In recent years, homology modeling has become an important tool to study the P450 function, especially in conjunction with experimental approaches. A large amount of work has been directed to elucidating the substrate-binding sites of various P450s, and the understanding of this field is now becoming increasingly important, mainly using the two powerful techniques, site-directed mutagenesis and computational molecular modeling of the relevant P450s [5] [6] [7] [8] [9] . In homology modeling, a 3-dimentional (3D) model of the protein is constructed based on its amino acid sequence and on the crystal structure of one or more reference proteins. This mainly involves a sequence alignment between the protein and the template(s) 10 .
A challenge remains still quite for the development of a precise 3D-crystal structure of CYP2C11. Therefore, in this study an investigation was carried out on the docking mode of 71 different steroid molecules against a computationally homology modeled 3D-structure of CYP2C11, so as to see a correlation of the biologically obtained results with the AutoDock computational results.
RESULTS AND DISCUSSION

Homology modeling of CYP2C11
Homology modeling of CYP2C11 was performed with a cooperation of Swiss-Model 11, 12 . The amino acid sequence of CYP2C11 structure was used as target protein.
Various proteins of 500 residues were used as templates, including P450 2C9 with warfarin bound, PDB code, log5 13 ; P450 2C9, PDB code, log2 13 ; P450 2C9 complexed with flurbiprofen bound, PDB code, 1r9o 14 ; P450 2C8, PDB code, 1pq2 15 with progesterone bound, PDB code, 1w0f [20] ; CYP51 with estriol bound, PDB code, 1x8v 20 ; CYP51 in ferric low spin state, PDB code, 1h5z [20] ; C37L/C151T/C442A-triplet mutant of CYP51, PDB code, lu13 21 ; CYP51 with 4-phenylimidazole bound, PDB code, 1e9x 21 ; CYP51 with fluconazole bound, PDB code, 1eal 21 . The pair-wise sequence alignments of the target sequence with that of template was carried out and the sequence identity of templates with the target sequence is shown in Table 1 . The amino acid sequence of the aligned protein templates of chain A of P450 2C9-flurbiprofen (1r9o), P450 2C9-warfarin (log5), and P450 2C9 (log2) exhibited the highest percentage of identity with that of CYP2C11 in the range of 83.5 % , 75.9 %, and 75.9 %, respectively. The chain A of the templates of CYP51-estriol (1x8vA), CYP51
(1h5zA), C37L/C151T/C442A (1u13A), CYP51-4-phenylimidazole (1e9xA), and CYP51-fluconazole (1ea1A), whose percentages of identity were 23.3 %, 23.9 %, 23.9 %, 23.9 %, and 23.9 %, respectively, had been rejected due to their too low similarities with the target sequence.
Docking of representative steroids in the embedded flurbiprofen pocket
Seventy one different steroid molecules (1-71) ( Table 2) were docked in the 16α-hydroxylation orientation into the biding site of the homology modeled CYP2C11, where the ligand, flurbiprofen (FLP), was embedded. Affinity orientation between the protein and the substrate are predominately hydrophobic. The side chains of Asn107, Ile113, Phe114, Asn204, Phe205, Phe208, Phe237, Thr292, Asp293, Gly296, Ala297, Glu300, Thr301, and Leu366 lay within 4 Å of all docked steroid molecules as pointed out in Figure 2 , where Gly296, Ala297, and Leu366 are hidden for clarity. Seven of these amino acids, namely Phe114, Asn204, Asp293, Gly296, Ala 297, Thr301, and
Leu366 corresponded identically to the key amino acid residues identified in the earlier studies of the binding site of flurbiprofen in CYP2C (PDB code, 1r9o) 14 , as cited in PDP sum, URL* http://www.ebi.ac.uk/thornton-srv/pdbsum/, accessed on November 12,
2008.
The amino acid sequence of the aligned protein templates of chain A of lr9o.pdb, log5.pdb, and log2.pdb exhibited the highest percentage of identity with that of CYP2C11 in the range of 83.5 %, 75.9 %, and 75.9 %, respectively, as shown in Figure 1 and Table 1 . The above two findings strongly support the hypothesis that the key amino acid residues of CYP2C11 are identical, for the most part, to that of CYP2C9.
However, this finding must be further verified experimentally. Figure 2 illustrates the ribbon schematic presentations of the homology model of CYP2C11 in sequence alignment with the warfarin -bound CYP2C9 (PDB code, log5) 13 , with CYP2C9 (PDB code, log2) 13 , and with the flurbiprofen-bound CYP2C9 (PDB code, 1r9o). The details of these sequence views are shown in Figure 1 , including both the proposed key amino acid residues and the different and similar residues of the aligned protein sequences.
Hydroxylatin of steroids and their docking conformation within the active site
The ideal conformation of the steroid molecules within their binding site in varieties of P450s was proposed by many investigators. They reported that the respective substrates for prokaryotic P450s cam, and eryF are positioned in such a way that a substrate is hydroxylated at a distance of 4.5 and 4.8 Å from the heme Fe to the hydroxylated atom. These substrates were also oriented in such a way that the hydrogen, which is abstracted during the reaction, be located within 2 Å of the oxygen of the oxy-preferryl intermediate 7 .
It is also reported that the docked substrates should be located with the distance between their oxidation site (C16) and the heme iron being 6 Å and with the C-H-Fe angle at C16 being 180˚ 22 . The C-H bond in C-H-Fe sequence should be perpendicular to the heme surface. The substrate was usually placed at a position equivalent to that of camphor in the P450cam crystallographic structure, which gives a distance of about 4.2-4.9 Å between the oxidation sites and the heme iron.
However, molecular dynamics simulations of camphor-bound P450cam suggests that the average distance between the carbon atom, at which hydroxylation takes place, and the heme iron is 5.3 Å.
Szklarz, G.D. et al. 1 proposed that for catalysis to occur the following conditions must be met; 1) the distance between the hem iron and the carbon, at which the hydroxylation takes place, must be 5.6-6 Å to allow room for the active oxygen, which results in the carbon to active oxygen distance of 3.9-4.2 Å, and the hydrogen to oxygen distance of 2.3-3.1 Å and 2) the angle between the carbon, the hydrogen and the heme iron (or active oxygen) should be close to 180˚ (180±45˚) to promote hydrogen bond formation. Therefore, the analysis of the docked results will mainly illustrate the above cited issues. That is, the binding orientation would place a potential site for C-16α-hydroxylation within 5-6 Å of the heme iron and the angle between the carbon, the hydrogen and the heme iron (or active oxygen) should be as close as possible to 180˚
(180±45˚).
Analysis of the docking results revealed that there were a considerable number of conformations flexibilities of the docked substrates oriented in order to meet the above mentioned conditions, and it was noticed that many conformations were docked within the required distance (4-6 Å), but not by the required angle (180±45˚).
. The docking energy and mode of binding and the experimentally observed inhibitory potency
The results of inhibitor docking studies and their observed inhibitory potencies against
[3H]PROG16α-hydroxylation and the number of conformations met with the above mentioned condition are shown in Table 2 .
The steroid molecule 3α-hydroxy-5β-pregnan-20-one (33), as shown in Table 2 As a whole, the results of the present docking investigation revealed that many amino acid residues responsible for binding of the flurbiprofen-bound CYP2C9 (1r9o),
were also essential for the interaction between CYP2C11 and inhibitors. Moreover, docking of steroid molecules within the 3-D homology model of CYP2C11 based on that of warfarin-bound CYP2C9 (log5), CYP2C9 (log2), and flurbiprofen-bound CYP2C9 (log5), were in a fair agreement with the observed biological data. No.1 filter papers used for paper chromatographies were obtained from Whatman Ltd.,
England. Other reagents were of analytical grade.
Preparation of Adult Male Rat Liver Microsomes.
Approximately 95-day-old male Wistar rats, castrated on the 70th day after birth, were used. The liver microsomes were prepared as previously described [23] [24] [25] . The experiments were performed according to instrumental guidelines for the care and use of laboratory animals.
[3H]PROG Metabolism by Rat Liver Microsomes -inhibitory effects of various unlabeled steroids
The metabolism by rat liver microsomes were examined, according to our previously described procedure [23] [24] [25] . Briefly, the microsomal suspension (400-600 μg of protein/2.2 ml, total volume of the reaction mixture) was preincubated with [3H]PROG (20 nM) under the absence or presence of an unlabeled steroid (0.01-10 μM)
at 36˚C for 30 min. Then NADH (3.16 μM) was added, and the reaction mixture was incubated for further 5 min. After the incubation, two identical samples were mixed and extracted with toluene. The toluene-extractable [3H]PROG metabolites (more than 90%) were isolated by various paper chromatographic systems and then identified by recrysallization method 26 . Other miscellaneous procedures are described in our previous papers [23] [24] [25] .
Protein Homology Modeling
Since the crystal structure of CYP2C11 is not available, the three dimensional (3D) model of CYP2C11 used in the present simulation was constructed based on a homology modeling method. due to their too low similarities with the target sequence. The sequence alignment was followed by adding the missing side chains, adding hydrogens, optimizing loops and OXT (nb=1); and the final total energy was -17460.258 KJ/mol, and then hydrogens were finally removed.
Automated Docking
Computer simulated automated docking studies were performed using the widely distributed molecular docking software, AutoDock 3.05, a grid-based docking program 27 , which was utilized for the study of binding mode of inhibitors within CYP2C11. This program addresses automatically the flexible docking of the ligands into a known protein structure. In contract, flexibility of the target protein is not taken into account.
AutoDock 3.05 scans the active site for low energy binding models and for suitable orientations of the probe molecule, using a modified genetic algorism that employs a local search (GALS) and precomputed grids for the evaluation of the interaction energy.
The target homology modeled protein CYP2C11 was separated alone by using DS 
11β Figure 1 . The sequence alignment among CYP2C11(Swiss-prot entry code: P08683), and chain A of warfarin-bound CYP2C9 (PDB code:1og5), CYP2C9 (PDB code:1og2) and flurbiprofen-bound CYP2C9 (PDB code:1r9o). The first 29, 29, 29, and 25 amino acids of these proteins respectively, are not shown and were not modeled. Amino acid residues of target protein CYP2C11 are highlighted in bold letters, the amino acids of the binding site are indicated by boxed text, the non-matched amino acids are underlined, the identical key amino acid residues of 1rgo with that of CYP2C11 are shown in bold Arial black letters, and the amino acid sequences of chain B of 1og5 and 1og2 were deleted due to their identical amino acid composition to their chain A. 
Heme Heme Heme
Heme Heme Heme Figure 4 The docking modes of different inhibitors, inh32, inh33, inh34 and inh56 (inhibitor code ), are shown with ball and stick in yellow within the binding site pocket of CYP2C11. The inhibitor code was assigned as a combination term of "inh" plus "steroid number" in Table 2 . The embedded ligand, Flurbiprofen (FLP, ball and stick colored by atoms) is bound inside the pocket of the homology modeled CYP2C11. All inhibitors are docked within the distance of 4-6 Å (shown in lines and 3 digit numbers) between C16 and the iron atom of heme molecule (shown as stick in red) and with the angel between the C16 , the 16Cα-hydrogen and the iron of heme molecule being 180 + 45°( shown in lines and 4 digit numbers). Pertinent amino acids (ASN107, ILE113, PHE114, ASN204 PHE205, PHE237 THR292, ASP293, GLY296, ALA297, GLU300, THR301 AND LEU366) lay within 4 Å of all docked steroid molecules and are shown in stick, colored by atoms. Hydrogen bond formation is shown in dotted line between the inhibitor and amino the acid residue
